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TO Recipients of IViCAWartime Report L-766

sulHEcT: Errorsin ILICAWartime Report L-766 entitled
“Prel~ T’estsh the NACA T’s& to Invest&%te
the Fmdsmentel Characteristics of HydrofoiiEZ,” by
K&m#th E: Ward and ~01’lMUlS. Iand

wartime Report L-766, “RmliminaryTests in the NACA Tank
to llmestigate the Fundamental Characteristics of 13$ikrofoils,W
by Kermetb E Ward end 190rmanS. Lend was distributed along %Zlth
a krge number of other rqmrts ,mrittenduring the war, A recent
critim.1 m-view of Wartime Report b766 indicatesthat smne of
the bydrofoii data containedthereinare invalid. 5 NACA
tnerefore recommends that, instead of Wartime Report lb, %766,
tr.eLWO followingpapers,which contain the mmt accurate data
avaiIable on the drag of bydrofoils at high water speeds, be
used:

a Wart- Report L-757 antitled‘Charactmistics ‘of an
MICA 66, W@ Sectim ~drofoil at several Depths,”
by mmllan s. 12ina.

h. Wartime Report G758 entitled “jlnIimestigation of
Hydrofoils in the NACA Tank I – Effect of IUhedm.1
and Depth of Submersion,” by James M. Benscm and
Noman s. Lend.

sincerely Yo~s s

E. E. Millers
Chief, Division of Research ~ormation
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PULIMIIWtY mSTS IU THR SACA TA%K TO IBVESgIOAT~

TE3 PUMDJWMML OEAEAOtiBISTIO”S O?.EYDROEO’ILS J

SUHMARY

Zhe present prolimlnar~ in~eotigatlon was made to z
study the J@rodynamie properties and ganeral behavior of
simple hydrbfolls. Six 6- by 30-inch plain, roetangular
hydrofoils wore tested in the BACA tank at various npeeds,
angles of attack, nnd depths below the water surfaoa.” Two
of tho hydrofoil had sections roprosonting tho seotions
of oommonly used airfoils, one had a seetion similar to
one developed by Guidoni for use with h~drofoil-oquippod
eeaplane floats, and three had aotatlonedefiigned to have
oonstaut chordwise pressure distributions at given valueu
Qf the lift coofflc!lont for tho purpose of delaying tho
,speed at which cavitation begins.

The experimental results aro ~res.ented as curvem of
the lift and drag cooffioionts plotted against speed for
the various angles of attack and depths for which tho
hydrofoils were tested. A number of derived ourves are
included for the purpose of bettor oomparlng the charcto-
terlstios of the hydrofoils and to show the effects of
depth. Several representative photographs show tho devel-
opment of cavltatton on tho upper surfaoe of the hydrofoils...

Tho resultm indioate that properly designed hydrofoil
seotions will have exoellent charao$eristios and that the
speed at which cavitation occurs may be dela~ed to an”ap-
preoolable extent by.the use”of suitable oectlono.

Iif~ODUC910iU

& hydrofoil.iq, by definition, any eurfaoe designed
to obtain reaetion frorn.thewater through which It moves.
One of the first. to use hydrofoils was ?orlanini. in Xtaly.
in 1898 formthe purpose of supporting high-speed boats on
the water with a minimum amount of resisting foroe. A
number of “later dovelopnmts Were made by Orooco. Boll,
and othors for the s-e general purpo”so. “
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The first practlcali-appLldatSo8 of the use of hydro-
foils to auaiat the take-off of~a eoaplah~ from the’water
was “by @al&ohl ~“n Italy amd his firdt.%uaoossfti flight
was made In 1911. tildoni eonduotad a comprehQnf5ivo in-
vestigatiom.”of hydrofoils “@d pf m“oapl~nos oqulpped with
h?drofoilso Zho WA eeapXago; ”dovaloped by Guidonl ia
1917, is perhaps the best known exdmple of a somplano
having floats provided witl!ihydrofoils.

9horo has been e rooont rorl~al of intorost In hy-
drofoils with psrtiuulmr.reopeot to their uso In assist-
iag tho take-off of long-range flying boats. ~ho USO of
hydrofoils provldos ~d possibility of a greatly hprovotl
aorodyhamlo form for thd flyln~ boat with tho rosultlng
lnc~oaao tn .porformhnoo:”in tho air. Eydrofotla alao oso
known to h~vo good ~ugh-wato? oliordotoristlca and their
uae nay result iq a“”aubatctntlhldooroaao In tho structural
weight of tho htill.

hero la a pmaoit noe”d for fundnmontd atudlea re-
garding tho proportion of h$drofoila. Tho olmoat comploto
lack of doalgn dntn ha prolxably boon a doterront to tho
uao of hydrofoils h modorn mpplicationa. Any fundamont~l
atudioa should ~ncludo toata of hydrofolla of largo alsea,
mainly booauao of tho sedo effect on cmitatlon, In ordor
to obtain rall~blo data rogardlng tho moat procticd aoc-
tioas and cbrrangonentd to be uiod.

Tha proaont preliminary invoatigetion was nado %0
study the general behavior of almple hydrofoiloc six hy-
drofoils, roctmgulm In plan fern and with constant aao-
tioaa, woro t~atod in the lVACAtank during IJovenber and
Decopbor 1938. ~ivo of those hydrofolla aro similar to
alrfoila that have been toated In t.h.oEACA.varlablo-don-
al$y wind tunnel, The sixth reproaenta, ~a nearly m
foaaiblo, ono of tho eectiona dea”brlbodby Guidonl in
roforonco 6. qhoy wero auapendod In tho water below a
“balcnoo socurod to tho tqwlng chrriago and tho lift, drag,
and pitching nonont woro” noaaurod at ~rioua apooda, nn-
gloa, and doptha of aubnoralon.

@PAEATUS AITD TESTS

A dosorlption of tho HACA tank cindtho towing oor-
ri~go la giv?n in roforoneo 10 Tho Imlamoo, whioh la aup-
portod on tho tia4n structural nonbafe of tho towing cm?-
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rimge, i~ ‘shown diagrammatically in figure 1“. It ia de-
signed to measure the lift, drag, and pitching moment Of
the hyclrofoll. Basioally the balanoe oonsleta of a heavy
floating frame.oonne,oted by.me.gs..of linkages to canti-
lever sprlqg~ a$taohed to the main frame, and”to the regu-
lar renistanoe dynamome&r of the “oar=iage. The float-
ing frame oontaing a movable unit inoluding two”mtruts and
“thehydrofoil whioh oan be adJusted to ohango the angle of
attaok nnd the depth “ofsubmersion of the hydrofoil. Tho
struts are tapered and have bi-oonvex soot-ionswith oon-
stant radii of 6-6/8 Inohes and slkmp”leadlng and trailing
edgose They are spaoed 16-1/8 Inohes betwoon oentors and
aro Qttached to the upper surfaoo of the hydrofoil with
the o.enter line of the struts at the half-ohord position .
on tho hydrofoil. Zho ohord of tho strut at the attach-
ment point is 2.9 inohes. The chord llno of tho hydrofo~l
has an initial anglo of attaok of 60 when the struts aro
vertioal. It Is Intorosting to noto that tho spaoing bo-
twoon struts of 16-1/8 inches, which was oomputod to givo
equal bonding loads on each side of-a strut, was found-to
ho Justified when one hydrofotl WaS aaoldontally ovor-
.strossod and deformorl during a test at high speeds.

Tho hydrofoils are all rootangular in plan form with
squaro tips and coastant seotlons. .They have CLohord of
5 Inohos and a span of 30 inches and, oxoept for the
Guidoni sootion which is stool, aro machlnod from hard
brass. Tho method of construction is tho sane as that de-
scribed In reforonoe 2 for construction of the airfoils
tested h tho var.iable-donslty wind tunnel and they are
finished with tho Rnmo degroo of surfaoe smoothness. - “

Six hydrofoils wore tested in this preliminary inves-
tigation, two having seotions oommonly used for airfoils,
one having a section developed by Guidoni. and three hav-
ing eoctions designed for uniform ohordwise pressure dis-
tributions. gho profiles of those sections aro shown in
figuro 2. The YACA 23012 (roforenco 3) was chosen as rop-
rosontlng G oommonly used alrfoll aeation for which con-
sldorahle data are cwailmhle from wind-tunnel and freo-
fllgqt tostsm The EAOA 230.06-33 (0006-33 thickness dlstrt-
bution (roforonoo 4) disposod on the 230 noan line (refer-
enoe 3)) was chosoa to roprescmt a thin.airfo.il seotlon
‘having a.s~tdi loaitiag-odgo radius. . “

. .

Tha GuIdoni ropresonts a eection used-& Guidoni in
a Waotical Cmllontlon. (Soo roforenco 6.) Qhe ordi-
nates for thi=-soation woro detornined fro~-tho 511ustra=
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tlon published la reference”6 and may not exactly dupli-”
oate the original aeotlon.

The seotions for uniform ohordwise pre.stiusedlotrt=
butions are represented by the MACA 25 B 09-”46, the HAOA
16-509, and the liACA16-1009. In.ohoosing these eeotlons,
it was recognized that”the.oavltmtion phenomenon Is asso-
ciated with the 10V proesures developod on the lifting
sudfaco of the hydrofoil. Presstire-dletr$bution invdstb
gatlons show that tho usual airfoil shape results in a
very irregular diejtribution along the chord.. For all but
thb lowest .values of tho lift coefficient, sharp peak
pressurota dovolop near the loading edge duo .tovery rapid

. accolorntion of the air. Booauso of the association be-
twooa tho.low pressures on tho ’sectloq”of a hydrofoil and
tho dovolopment of eavitatlon, it was apparent that if a
eoction oould ‘bodovolopod which had a uniformly constant
pressure along tho choid, -much higher normal forces could
be obtained .without reducing tho pressure at any point be-
low tho vapor pressure of the water and thus causing oavl=
tatlon of tho flow. Uhilo investigating the shapes of
sections which would give the desired distribution-, It was
found that such sections were boirigdeveloped for high-
sp~ed airfoils. ?ho HACA 25 B09-46 (reforonce 6) repre-
sents one of the oarlior development forms. The SACA
16-509 and lTACA16-1009 aro later sections developed as
doscrlbed in roferencos 6 and 7 and subsoquontly tested
in tho 24-inch high-speed tunnel. Thoso sections are de-
sigaod to havo a uniform chordwise pressure distribution
at given values of the lift coefficient (Cz = 0.5 for

the’16-509 and CL = 1.0 for the 16-1009).-

In making tests of the hydrofoils, the strut pivot Is
bolted in a position which places the hydrofoil at a chosen
nominal depth and angle of attack. The carriage Is then
operated at constant speeds and the forces are obsqrved
throughout tho range of speeds within the limits of the
strength of the hydrofoil or of the apparatus. (Lift
forcos of over one ton por square foot woro measured In
tho present invostlgatlom.) The spood at which cavitation
flkst appears is notod and representative photographs of
the phenomenon aro taken. The proceduro Is repeated for
various angles of attack and for various nominal depths.
Tho temperature and lbvol of the water h tho tank. are do-
termlned for each test.

I
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RmsuLTs

ontal roz~ : Tho .expqrimental roeults are
ourves of Il;t and drag aooffioioptm ”plottad

against speed in figures .3 .to 8? Saoh sot of ourvas
shows the variations of the ooeffioionts with ohan~o ‘i-n
“speed for oonstant values of the angle of attaok and for
amoral reproeontative depths of submersion, Tho foroes
are ro@ucod to ooefficlonts of the usual aerodynamic form.

Lift ooefflclent CE=L/l/zipwVa.l!!

Drag coefficient ~D= D/1/2 Pw V= S

where L total lift foroe, lb

D drag foroe, lb

Pw mans density of water, 1.968 Mlugs/ou ft for
theee teata

v epeed, fpta

s area of hydrofoil, raqft

The drag coefficient is based on the total drag of the
hydrofoil and strut system which Is submerged. Windage
corraotions haye been applied for tho balanoe and that
portion of the ntruts abovo tho water llno. These correc-
tions woro dotormlnod tiymeasuring the forces using 80C- .
tions of dummy struts on the balanco running Just olear “
of tho water surface.

Pitching moments aro not included In the results be-
oause the sonsitiv~ty and oporatlon of tho balanoe wore not
sufficlontly good to.give consistent and reliable data for
th~ momonts. In praotioal applloations the pitohtng mo-
mont of tho hydrofoil will bo negligible oomparod with the
moments resulting from tho llft and drag forces.

Speeds aro prosontod In dlnonslonal units because it
is not cons~dored feasible at tho prosont time to estab-
lish a nondimonslonal form. In high-speed atrfoil work.
the speed.of sound, whioh reprosonts the.rate at whtih
prossuros are propagated through.$hk fluldW provides a
oonvoniont v~lue upon which. to base a nondimons~onal spoe’d“
ratio. In work~ng with hydrofbllh, a 10giCal ohoico for,

—— —- .- .
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a similar rmtio would prQlmbXy M tho speed at whloh
oavltatlon boginso !@hlsspood is mainly a fuxmtion of
the vapor pressure of the fluid, and the minimum presstaro
devolopod.b~ tho hydrofoil vhi~h ia a fWetion of tho
else, shapo~ and attltudo of thQ soetion. It IS pOSSib10
that, with further study~ a sattsfaotory method of deter-
mining a oavltatloh ‘epeed may be found.and this speed
used to give a nondimensional ratio of speeds vhloh may
have some advantage over the dlmensloaal quantities- ~or
those interested in using the Reynolds nwiber in oonneo-
tion with the preeent results, the valuo of”the kinematic
viscosity of the Water in.the tank may be found from the
empirioal relatlon

“V E (20,700 + 876t+2 ta)-x fta/soc

whero t 2s the temperature of the vator in dogroos
Yahronhoit.

Tho depth of submergonoo of the hydrofoil IS gener-
ally given in the results as tho nominal depth d of tho
quaater-ohord of the section 4n terms of the chord c.
The nominal depth represents a fixed position of the pivot
on the balance and differs from the actual depth because
of the angular change and the small dally variation In
the wates level. Thciactual depth is of importance only
when the h~drofoil is near the surface because of the
relatively small changes in the hydrofoil characteristics
with dpoths below two ehords- The actual depth may be
readily obtainod for any epeeifio requirement from the re-
lation

d/c = 6a42 COS(CZ- 3-7°) - k

whero dfc .actual depth of quarter-chord point in terms
of tho chord

a angle of attaok, .dogroes

k trim, including tho nominal depth, water ieyel,
and corrootion for the thioknoss of the
hydrofoil (values of k are Included with
the flguros)

Tho results are given for nominhl depths of lc”,30,
and SC for all of the hydrofoils tested and,i.naddition,
the results for a nomln”al depth of 1/40 aro Inoludod”for
the llACA23012 and the Ouidon~. “Some tests were bade for

.
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This relatlon is Independent of the angle of attaok, within
the limits of aoouracy of the tests, and holds for speedn
below 60 fps at which npoed the etruts begin ~o oavltate
when attaqhed.to the h~drofoil. It ie interoetlng to noto
that tho etrute oavitatod much latem when tested without
the hydrofoil and that the drag of the struts inoreased
considerably when oavltatlon occurred. Oorrespondlmg meata=
uromonts of the lift of the struts showed small, lnoonslst--
ent values which aro conaidored negligible within the llm-
its of aocuracy of the tests.

A comparison between the observed speeds at which
cavitation began on the i?ACA23012 hydrofoil and computod
speeds based on the pressure distribution (obtained from
wind-tunnel results by the methods of roferenees 12 and 13)
Is shown In figure 17.

Several roprosentative photographs showing the cavi-
tation on tho hydrofoil aro given in figure 18. In taking
theso photographs, a strong light was placed above the
surface of the water and the rofleotions were eliminated
by tho use of a polaroid filter In front of the camera
ions.

Accuracy - The accuracy of the experimental results,
for aa indlvi;ual test, Is indicated by tho scattering of
tho test points on the curves. Chack tests of the sume
h~drofoll, however, showed appreciable difforonces bo~ond
the cavitation speeds with reasonably good cheqks at lower
spoods. The later tests Indicated that the drag was gen-
erally higher and the lift was inconsistently higher or
lower than for the original test. The reasons for these
differences are as yet unexplainable. It appears probable
that small differences in the alinement of the balance may
hbve caused the differences In the results. IBvery offort
was made to keep tho balanoe In proper allnenent and to
koop all oporatlng conditions as nearly the same as prac-
ticable during the Investigation. Another possiblo cause
of tho differences In tho results may be duo to a critical
naturo of tho flow after cavitation has developed. The
results as presented in this report are bolioved to be the
most roliablo of those obtained and give tho correct ordor
of tho forces.

The spoods for each test point wero @ccurately measured
by tho usual method of recording tho timo and distance for
tests in th~ NACA tank. Tho speeds at vhich cavitation
first appoarod aro probably m llttle high because of the

#
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method and difffieulty of observation. Oheek obeesvatlone
of the cavitation epeed during the same test,.however,
agreed very closely. ~he observed values are believed to

Y be-.oor,rect.withl.n+5.and -O fps._.,

The depths of the hydrofoils were accurately meas-
ured with reepeot to the still-water level.at the begin-
ning of eaoh day of testing. A small re-duotlon in water
level occurred while a test wati Sn progress through leak-
age of water from the tank but thie reduetion to oonaidored
negligible. Other sourties of error are a constant depres-
sion of the water level undar the”earriage of about 1/8 “
Inch caused by the pressure field around the moving car-
rlago; and an irregular surgo of tho water In the’tank of
from soro to & 8/8 Inch.

There was no mocurate control for setting the anglo
of attack of the hydrofoil and small errors were Introduced
from deflectlone of the balance structure under l“oqd. The
probable limits of accuracy are believed to be within
+0.20 and -0.3°.

DISCUSSION

Hydrofoil Characterimtlce

Experimental results The experimental results (figs.
3 to 8) In general show m;~ked changes In the values of the
coefficients with change in speed for constant angles of
attack, Also, the different types of sections show consid-
erable differences. The cavitation phonomona apparentl~
have the largest offoct, particularly for tho hydrofoils
having the ushal airfoil sections. .Wlth the exception of
somo of tho variations of drag, the usually smooth ourveta
Indicato that tbore are no sudden changes In the forces
resulting from cavitation. The general shapes of the
curves for any one hydrofoil are unaffected by the depth
of the hydrofoil below the water surface, as- may be seen
by comparing the curvee for different depths.

& interesting feature of the variation of the lift
coefficient is the apparent approach to a limi+~ng enve-
lope which’corresponds to a constant valae of the total
lift force ae Illustrated by the ourves of figure 3d.
!?histendency is even moro pronounced in .tho eurvee of
come of tho othor figures. A possible explanation mv be

l.” —..-
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in a limiting value for the change in momontum of the
fluid acted on by the hydrofoil, owing to oavitat.%on .or
othor OaUSOSO

Tho hydrofoils having sections of the usual airfoil
typo (figs. 3 and 4) show the closaet relation between
the cavitation speed 6and the departure of the forco coef-
ficients from constant values. ~or these hydrofoil~ tho
lift coefficient deoreaOos and the drag coefficient in-
oreases near tho cavitation speed. The deoreaso In lift
coefficient is relatively small buts at high angles of
attack, the Incroaso in drag cooffioient is quite large.

Tho hydrofoils having sectionm domignod for reduced
cavitation (figs. 5 to 7) are of ysrtioular interest when
oporating near tho design value of the lift coefficient.
For thoso hydrofoils tho lift cooffioiont falls off with
Isoroase in speed, a.tconstant angles of attaok, as for
the other hydrofoils, but there was a large reduotion in
tho drag coefflolont to a minimum valuo which is appar-
ently Indepeadont of the cavitation s.peed, This reduo-
tion in tho drag coefficient with increase in speed is
comparable with the results given in reforenoo 6 where
similar characteriatlcti wore found from tegte of airfoi-ls
of this typo. When tho hydrofoils are oporating at an-
gles of attack above that giving tho deolgn value of tho
lift coofficiont, the lift and drag ooofficionte both ln-
croaso~ with inoroaso in speed, to a maximum and then de-
croaeo quito rapidly.

Tho Iacreaeo in lift coefficient is probably due to
“a defor~ation in tho effootivo profile of the seotion
caused by separation in the cavitating area which results
in an increaso in the effectivo camber. This is one con-
clusion reached by Walolmer (referonco 10),

The Guidoni hydrofoil (fig. 8) shows tho samo general
characterlstios as the hydrofoils sFeoially designed for
reduced cavitation. It is of interest to note that the
Guidoni sections, developed so many years ago, are still
praotical sootions having good oharacterlstlcs. The
Guidoni sections are generally thin, however, with corre-
sponding limitations in the load-carrying ability, The
soctlons devolopod by tho MACA aro much thicker and permit
.a reduction in the number of supporting struts required
for a given installation. l’urther tasts are required to
i.nvestigato tho effects .of a-sharp or slightly roundod
leading edge. Some brief qualitative tests”Indioato that
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th.osmall lea”ding-ed~o radii of the SAOA meotlo~s are
satl~faotor? for broakihg the water surfaoe when a -set
of ~llrofoils having dihqilral emerges, as for “a psao-

k=. - tiaal Iuotallation. . ,.,. .. -. .,---- .

~orl~resul~.- The Burves of drag aoeffieienta
! and”lift-drag ratios (figs. 9 to 14) are moful for oom-
1’ “paring the oharaoteristioe given by the dtffqrent 8ee-

tions.for equal valude of the lift ooeffloiont~ The89 .
ourvee. are dependent qn the “falriqg of the bhelo ourves
but show the relative orders of the results. The ourves
for the usual airfoil @eetioas (figs.9 and 10) fall
wlthln reasonably uniform envelopes, with the Individual .
“qurvo”for.a givoa speed I@avlng the onvolop”qwhen oavi-
ta$lon ocoure. The variations of the drag oooffloient
and the lift-drag ratio with ohange la llft.000ffioleat
aro about aormal for the envelope ourvee when c!om.~ared
with” similar results from wind-tunnel tests.,

The oorrosponding curves for the hydrofoils having
the other sootions (figs. 11 to 14) shbw oonoiderablo
differences in tha variations for the different speeds,
as might be expootod from tho difforonoos shown by the
original ciurveii, Tho curves for the I?ACA16-509 hydrofoil
shown In figure 12a, best Illustrate the variations for
tho soctiontadesigned for reduced oavltat$on. As the
Bpeod Increamos, the minimum drag ooefficleat Is.reduced
and comes at higher values o.f me lift aoeffioiont. “Tho
low values o.fthe dra~ ooefflcient result in high values
of the llft.-drag ratio in the u~eful range of lift ooef-
floient8. Praotlaal limits of.tee.tingunfortunately pre’- .
vent tho extension of all of the curves to give mor”e.eom-
pleto.information aa to the general behavior of these
hydrofolls”at htgh speeds.

The general effeot of depth of oubmergenoe of a h.y-
drofoll i.eto deereaee t~e lift and dr~ ooeffioiento .
y%th docro.aOe In dep”th, This effect is Illustrated.by
tha curves of figure 15 for a t~ioal example. ~hepe
ourves ropresont.’the.values of tho ooeffi.oie.ntsbefore .
cavitation has dlsturbod the normal flow and show. .S4
~artloular, the loss of lift as the hydrofoil appraaohes
the surfaoe. The corroopondlng valuoe .of the.lift-&rag
ratio Incroaso to maximum values when tho hydrofo~l i-
hear the surfaoe. then .dooreaee sap~dl~ with further do-
oreaso in depth to values for planSag ●rfaoes.

The largest part of .the.e.haago in”dr~g oooffieiont

1L— ..— ——
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with ehango in depth Is that.due to tho difforenoea in
tho Immersed loagths of the struts os may be seen by com-
p“arlng tho slopes of tho ourvoe with the value 0.0033 for
the struts alone. When the hydrofoil approaches the eur-
faoe.of the water, ”the variation of both the drag and the
lift ooefflolents with depth are affeoted by the large
surfaoe disturbanooo Thiu surfaoe disturbance glves,a
deoreama in actual depth ovor that determined with reopeot
to the undisturbed surfaoe~ particularly for high axrgloe
of attack. An intorotating observation I@”tho large trough
and high “roaoh roeultlng from the downmeh bohlnd a hydro-
f~il oporating naar tho surfaoo.

Zho ourvos of r.nglo of attack and dreg coefficient
for the I?ACA23012 hydrofoil (fig. 16) show the relation
between these charaoterieties for the hydrofoil at several
depths, and the corresponding characteriatice of a similar
airfoil which was tested la a wind tunnel. The ourves for
the hydrofoil arp derived from the curves of figuro 15 for
conetant actual dspths of tho quarter-chord. The drag co-
affioiont CJ ropro80ate t~o drag of the hydrofoiX without

struts In ordor to nhow bettor tho aomparisoa with the cor-
responding churaotoristioe of the airfoil,.

Insp~otion of the ourvas shows that, for tho groatost
dapth, tho ohc.ractoristios of thp hydrofoil aro very siai-
lr.rto thoso of tho airfoil. Tho almoot con8tant diffor-
ancos in tho dra~ curves ar~ probably duo to OXCOSSIVO
values of tho strut dreg which may bo too larga bocauso of
the ead interforonco in tho tests of tho struts alono~
The slopo of tho ourvo of anglo of attcok, which ropro-
sents tho slopo of tho lift curv~, is slightly gr~ator
than tho corresponding slopo for tho airfoil ovar part of
she curve. Tho slopos ara not uniform, howov~r, cnd tand
to vary with chango in lift in vor~ much ttiosamo way t!mt
tho slopos vnr? for most airfoils at low values of tho
Reynolds number.. (S.03roforsaco 8.1) It should be remon-
bered that thoso curvas for the hydrofcll hnvo bo~n ro-
feirod from proviousl: fc.irodcurves and that tho dcta for
tlio“alrfoll woro obtaiaed fron Inter.polcting botwoon tho
ourvos of snr.11-slzo figures. It is beliaved, howover,
that tha curves as shown in figure 16 ropresont the oor-
rect orders of tha chcrscterlgtics..

An intorestlng f~atura shown in figuro 16 is the ap-
pareat decrease in tha offeotivo r.spoct ratio of tho hydro-
foil wtth decrease la depth as indicated by tha changes ia
slopes of the cur~os with ehango In depth. Also, the angle

—— —.
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A
_&
c ofzerollft islncmasedwlth adeorease in asp-. A possible
-1 e3Wa=tlm of these effects. 10 that, as * hydrOfOil eppxdma
A

the fmrfaoe, the spaumlselift dlstrihtlm is changed, prlnci-
,. . ~.~..a reduotian d llft over the centr@ pOStlOIl Of *

-o~ ● me -a - ~ -0s t’hs aereotd+d -ispeot x=tlo
amdalso wmlatend torequlre M#ler geomw?loalau$lescf
attackfor zerolift to e~ate for the lose of lift of the

OCS3m SSOtIOZU tiOh, r= * rOC~ -ofi hWIX

ocmstazat and parallel fseotlcas, n~ operate at a anUl
positiveliftwhen the totalllft & the Wdmfoil Is zero.

Cavltatloa Phamauma

me phalmana or Osmltatlan havebeen dbly mmassed, both
from * *retloal sml the ~tal stsndpolnts,* a
nnaiber & authors. Ackeret (ref~e 9), Walcher (ref~e M),
and SWth (referenoe11) havapubllshedpapers& particular
ti*8t ~ * ~b~~t Or CX3tit8tI~.

Cavltatlcmis a vapxlzatlcmprooessresultingfrom a decrease
in pressure in a fltidflowuntil the aaturata~ pressureOr t&
vaporIs reached. It Is a ooqpllcatedpol@ropic processInvolvlng
a v- shorttlm elammt. TM analo~ betweencavitationsnd
the ocmpreselblll~pmQomna of compressiblef’1.uldshas b-
dlscumed by Aoksmet (reference 9) h an ertensive treataaut

of the subJect. He showsthata shookoocum wlti the oollapse
of the bubblesand that thereis a w rapidoscillationof the
shockzone. The collapseof thebubblesof vaporIn the shock
zoneproducesImpacts of the fhdd on the bcmndlngwallsat .

ex~ M@ velooltlesand henceenomcmaly Mm pressures
to which oauseAckeretattributesthe erosicnresultlngr-
Cavitatim●

h the pmment lnvestlgatia,tie oavltati- ~ vex’s
Studiedonlytolbartsntor Observatlcmlsortknatured the
oavltatlonas Zt appearedon - uppsm surkce of the hydrofoil
tiof’1iu9speed atuhlohitflrst ~ asawbltefuzz eras
EItrsaks.Curvesof We observedoavitati~ speed Vc are
_ rOr a Or tb hYim3roihJ h rip8 9 ti U. (’V~UOEI
or Vc eK’ealsoiIlf310ated~marrow Olltheourvesor the

=- ro~ts ~ fzo 3 ~ 8.) ~ ~ ~t~s~o
cau’vesorv~ @otteda@alllst ~ lsasharp de-

.

..— — . — .— .



■ , .. , ■

14

eroaso In the oavltation speed with inoreatae in the lift
coefficient. ~h~s oharaoteristio is .to be expectsd from
oonsidercttlons of t~e chordvlse pressure distribution
over the seotions. For the sections designed for reduced
cavitation, the ourven show that tho oavltation speed is
dolayod considerably at the lover values of tho lift co-
officiontm The I?ACA 16-1009 hydrofoil gave tho hlghost
values of the cavitation spood ovor the greater part of
tho rango of lift ooeffloionts tostod.

It was considered of interest to compare the obsorvod
values of the cavitation speed with tho values computod
from purossuro-distribution diagrams. !l!hol!lACA23012 hp
drofoil was choson for this comparison because tho data
are tho most consistent. Tho cavitation speed Is oomputod
on the basis of two simplifying assumptions: (1) that a
cavity forms In tho fluid at the surfaoo of the hydrofoil
when the absolute prossuro at that

r
oint is equal to the

vapor pressure of tho water, and (2 that tho pressure
distribution on a hydrofoil Is similar to thct on the snmo
section oper?ting in air. prossuro distributions on air-
foil soctlons are avallablo from wind-tunnel measurements,
or may bo aomputed as in roforoaoes 12 and 13. Either of
thcso sourcos gives “tho pressures normal to tho surface in
terms of a nondlnonsional coefficient that 3s the ratlo:of.
the normal pressure to the dynamic pressure of the.free
stream. In aero&ynamlc work the ooefflcient has a.nega-
*lve sign where the normal pressure is less than the static
pressure. The absolute valuo of tho normal pressuro 1s,
of course, a positivo quantit~, so in this analysis the con-
ventional aorodynamlc pressure coofflcient is precodod by “
a nogativo siga. Then by the first assumption:

PV + *in = Pa + P.w

where

pv vapor pressure of water, lb/fts

P*ln minimum normml pressure on surfaoe of hydrofoil,
lb/ftn

pa atmospheric pressure, lb/ft*

pw hydrostatic head at depth of point of.minimum
pressure, lb/fta



..-

Tha value of . ~in may be replaced

ooeffioient from the relations
a. .-.. . . .-. . ,.

-’-Pa~n = P19in/Q

15

by one in tams of the

. .

whe rd

Pnin pressuro coeffioiont at point of minimum pras-
aure

q=l/2 pw v? &ynanio prosmuro. lb/fta

pv mass iienaity of wmtor, slugs/fta.

vfJ speed at which cavitation begin6, ft/soo.

Making the substitution cbmlsolving for VCt

p@+pw-pv
v; =

‘P~in *
.

For the 5-inch-ohord hydrofoils tested, using the data as
to the vapor pressure at the temperature of the water dur-
ing the taets, and standard atmospheric pressure, the
above expression reduces to:

~a - 2120 - 27 d/c
c ‘Pmin

where d!o Is tho depth-ohord ratio. Tho value of ‘rein
i-a determined for the midsection of the hydrofoil, aseun-
ing that the seotion lift coaffioient ‘t itaequnl to
1.14 OL.‘.}

[

The msulte oi this comparison are given an figuro 17
and show ver~ good agreement for the chosen example when
ooaslderatton is given to the limitations of tho nethod.
The oonputod oavitatlon speed does not consider the pro-

1“ llminar? Bhkge of oavltation where diasolve”d gases aro re-
leased from the liquid. Othar factors are also nagloetod,
●uch as the hoot trmofers rsurfaoe tension, etc. Th@ d5a-
.grnqs of the pressure distribution aro not exaot for the

.. . . . — —
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eoctlon considoxed and it Is particularly difficult to
Judgo the valuo of tho nlnlnun pressure doefficlent bo-
oauso of tho taharpnoam of the preeeuro ponk. Surthornoro,
the values of the olaservod oavlta.tloh tpeed wero diffi-
cult to obtain, particularly at high cpeods, because of
t~o liaitatioae in the nethod of oba.ervatlon. !J!horoeulte,
howover, indicate that c!onqervativo values of tho cnvlta-
tdon mpood nay bo eOtinated by the method desoribed.

Tho photographs of figure 18 show two distinct ferns .
of invitation. One fern appears as strocks developing
fron poiut sources on tho purfcmo of tho hydrofoil. Thero
is no apparent reason for these sources as the surfaco of
tho hydrofoil was perfectly snooth to tho touoh nnd O1OSO
oxaninmtion did not revonl any protubercmcos nor disaon-
tlnui”tios. The point sources do not appear oonslotently
in tho EIamoplaces for different test runs and, with tn-
crecbso in spood, more of the sourcos appear until general
oavitatlon. o.vor tho whole surface ttilws place.

A second fern of cmvitatlon appears as a light,
snooth base uniformly distr~butod over a narrow band In
the spcbnwisodirection. This chwitation area follows the
general picturo of tho preesuro distribution and develops
at a point along the ahord whoro the ninifiun pressure is
expected. Yhe uniform spanwis.o distribution is intorferod
with by the prosonco of the struts as nhy bo aeon in s~ne
of tho photographs. !Chopressure field aroumd tho etruts
Is ovldently sufflalont to delay cavitation except .at tho
Intersection botwoon the strut and the surface of the
hydrofoil whoro loaal cavitation occurs.

Of special Interest is tho fern of oavitatlon which
dovolops on tho surfaao of a hydrofoil dosignod for roduoed
cavitation. At values of the lift cooffialent near that
for which tho hydrofoil was dosignod to have a uniforn
ohordwiso pressure distribution, the cavitation begino as
a vor~ thin, light hazo well distributed over the oentral
area of the hydrofoil, It has the appearance of a vifa-
aous fluid on the surfaoe of the hydrofoil with large~
slow-moving oddles on each side such as might be expected
inside the boundary layer. With further Increase in spood,
tho usual heavy, flame-like cavitation develops whioh 16
aaaompaniod by severo vibration and noiscis

Cavitation of the struts generally begins at the in-
tersection with the surface of tho hydrofoil at spood-
between 50 and 55 fps. At h~gher apoedsD general oavita-



17

tion of the”strute takes ~laoe o~er the entire aubmorged
length.

- . . -Inman~~of the photographs-, tho tip Totio@s. plai.n~y
app em 6 It VIM Interesting during the tests to obsorve
thoso vorttoos, which aro filled with a whlto mixture of “
water vapor and air, and note their behavior as they
.o.urlcdovor tho tlpo of tho hydrofoil and expanded far
downstream, until they wore no longor visible. Au tho
hydrofoil approached tho suZfaoe of tho”wator, the tlp
vortloos would break the surfaoo am they”expandod and would
form n wake pattern on tho vator oorrosponding with the
popular oonooption of tho vortox sheet behind an airfoil.

COI?CLUDI?JGRXIMABKS

Tho results of the prosont Investigation indloato
that proporly dosignod hyprofoil soctlons will havs oxool-
lent charaatoristlcs and that the speed at whioh cavitation
occurs may bo dolayod to an appreciable oxtont by tho use
of those sootions. I’urthorwork will includo tests of
prnotloalo arrangements and will covor the offocts of dlho-
dral, plan form, and multlplanos.

Langley Memorial Aeronautical Laboratory,
Rational Adviso”ry Committoe for Aeronautics,

Langley ~iohl, VCJ.

m
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Figure 2.- Profilm of UACA hydrofoil.
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